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Supermassive boson star at the galactic center?
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We explore whether supermassive nonbaryonic diargarticular boson, miniboson, and nontopological
soliton starg might be at the center of some galaxies, with special attention to the Milky Way. We analyze,
from a dynamical point of view, what current observational data show, concluding that they are compatible
with a single supermassive object without requiring it to be a black hole. Particularly, we show that scalar stars
fit very well into these dynamical requirements. The parameters of different models of scalar stars necessary to
reproduce the inferred central mass are derived, and the possible existence of boson particles with the adequate
range of masses is commented upon. Accretion to boson stars is also briefly analyzed, and a comparison with
another nonbaryonic candidate, a massive neutrino ball, which is also claimed as an alternative to the central
black hole, is given. Both models are capable of explaining the nature of the object it Sgthdut invoking
the presence of a singularity. One difficult issue is why the accreted materials will not finally produce, in a
sufficiently long time, a black hole. We provide an answer based on stellar disruption in the case of boson stars,
and comment on several suggestions for its possible solution in neutrino ball scenarios. Finally, we discuss the
prospects for the observational detection of these supermassive scalar objects, using the new generation of
x-ray and radio interferometry satellites.

PACS numbds): 04.40.Dg, 98.35.Jk

[. INTRODUCTION point to some of the ways in which such a center could be
differentiated from a usual supermassive black hole.

During recent years, ideas concerning the possible exis- Why scalar fieldsMnteresting models for dark matter use
tence of a single large mass in the Galactic Center have beaveakly interacting bosonésee, for instance, Ref$l,2]).!
favored. This was a direct consequence of tightening the ugPrimordial nucleosynthesis shows that most of the mass in
per bound on its size, and the study of stability criteria,the universe should be nonbaryonidit 1. Most models of
which ruled out complex clusters. Although it is commonly inflation make use of scalar fields. Scalar-tensor gravitation
believed that this central mass is a supermassive black holés the most interesting alternative to general relativity. Re-
it is not yet established, as we discuss below, on a firm obcent results from supernovae, which in principle were
servational basis. thought of to favor a cosmological constdBi, can be sup-

The aim of this paper is to present an alternative modeported by a variety of models as well, some of them with
for the supermassive dark object in the center of our Galaxyscalar fields tod4]. Particle physicists expect to detect the
formed by self-gravitating nonbaryonic matter composed ofscalar Higgs particle in the next generation of accelerators.
bosons. These kinds of objects, so-called boson stars, afecalar dilatons appear in low-energy unified theories, where
well known to physicists, but up to now, observational astrothe tensor fieldg,, of gravity is accompanied by one or
physical consequences have hardly been explored. The maseveral scalar fields, and in string effective supergravity. The
characteristics of this model aré) it is highly relativistic, — axion is a scalar with a long history as a dark matter candi-
with a size comparable tdbut slightly larger thanthe date, and Goldstone bosons also have already inferred
Schwarzschild radius of a black hole of equal m#®git has ~ masses. Symmetry arguments, which once led to the concept
neither an event horizon nor a singularity, and after a physiof neutron stars, may force to ask whether there could be
cal radius is reached, the mass distribution exponentially destellar structures made up of bosons instead of fermions.
creases, and3) the particles that form the object interact  In recent works, Schunck and Lidd[&], Schunck and
between each other only gravitationally, in such a way thafforres[6], and Capozziello, Lambiase, and Tor{&$ ana-
there is no solid surface to which falling particles can collide.

It is the purpose of this work to show that these features
are able to prpduce a Galactic C_enter model Wh'Ch can b(alln particular, the results of Ref1], which were obtained with a
confronted with known observational constraints, and tOeq scalar field, could equally well work with a complex scalar,

such as the one that will be used here to introduce the boson star
system. In this way, it is not discarded that the same scalar field

*Email address: dtorres@venus fisica.unlp.edu.ar could provide several solutions at the same price: for halos of gal-
"Email address: capozziello@sa.infn.it axies, for the dark matter problem, and for the centers of some
*Email address: lambiase@sa.infn.it galaxies, as this work proposes.
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lyzed some of the observational properties of boson stars. In B. Domain of the black hole?

particular, the @renkov effect, the gravitational redshift of g, 54 |arge density contrast excludes that the dark mass
the radiation emitted within a boson star potential, and the(':ould be a cluster of almost>210° neutron stars or white

rotatl_onal curves of accretgd particles were studied to aSSe¥arfs. Detailed calculations of evaporation and collision
possible boson star detection. These works extend previous

ideas put forward by Tkachej8]. The interest in observa- Mmechanisms give maximal Iifetim_es of the order of®10
tional properties of boson stars also led to the investigatio§ €2rS: much shorter than the estimated age of the Galaxy
of them as sources of-ray burst§9] and as a possible lens 17,18. , ) )

in a gravitational lensing configuratidiL0]. Recent studies As a first conclusion, several authors state that in the Ga-

are analyzing the gravitational lensing phenomenon in StrOnéactlc Center there is either a single supermassive black hole
field regimes[11-13. This would be the case for boson ra very compact clustgr of steI_Iar size black hglBs|. We
stars, which are genuine relativistic objects shall come back to this paradigm through the rest of the

This work is organized as follows. Section Il is a brief paper(particularly in Sec. 1I).

: - . Dynamical evidence for central dark objects has been
summary of the main observational results concerning Sgr : g
A*, and the main hypotheses in order to explain it are outpubIIShed for 17 galaxies, such as MAB, 20, or NGC4258

lined there. Section Il analyzes what dynamical observa—[21]’ but proofs that they really are black holes requires the

tional data show, and what kind of models can support thenmeasurement of relativistic velocities near the Schwarzschild

Section IV gives the basic ingredients to theoretically Con_radius, rsz_ZM’/(loB Mo) a.u. [22]. .Becagse of the
govementloned mass accretion rate, if Sdri8 a super-

struct scalar stars, shows mass and radius estimates, afi ; i S

studies effective potentials and orbits of particles. In Sec. \)“ags"’e E)Ilack h_ole, its Ium_|n<_)S|ty S_h_OUId _be more t?an

we study the center of the Galaxy, show which are the stabl ergs °, provided the radlatlye efficiency is _about_lO A)

scalar star models able to fit such a huge mass, and commenf' the contrary, observations give a bolometric luminosity
ss than 1% ergs !, already taking into account the lumi-

on the possible existence of boson particles with the requiret®>= _ _ S
features. We also provide there an assessment of the disru gsity extinction due to interstellar gas and dust. T_h|s dis-
repancy is the so-called “blackness problem” which has

tion processes in boson star scenarios. Discussion and co ) " S
ed to the notion of a “black hole on starvation.” Standard

clusions are given in Secs. VI and VII. . . .

dynamics of the spherical accretion onto a black hole must
be modified in order to obtain successful modelse, for
instance, Ref[23]). Recent observations, we recall, probe
the gravitational potential at a radius larger thamx K¢
A. Main observational facts Schwarzschild radii of a black hole of mass 2.80°M

Il. THE GALACTIC CENTER

The Galactic Center is a very active region toward the[15]'
Sagittarius constellation where, at least, six very energetic
radio sources are presef8gr A, A*, B1, B2, C, and D.

There are several supernova remnants, filaments, and very An alternative model for the supermassive compact object
rich star clusters. Several observational campaigdshave in the center of our Galaxy has been recently proposed by
identified the exact center with the supermassive compadtsiklauri and Viollier[24]. The main ingredient of the pro-
dark object in Sgr A, an extremely loud radio source. The posal is that the dark matter at the center of the galaxy is
mass and the size of the object has been established to henbaryonic(but in any case fermions, e.g., massive neutri-
(2.61£0.76)x 1(PM, concentrated within a radius of 0.016 nos or gravitinoy interacting gravitationally to form super-

pc (about 30 Ids[15,16. massive balls in which the degeneracy pressure balances

More precisely, Gheet al.[15] have made extremely ac- their self-gravity. Such neutrino balls could have formed in
curate velocity measurements in the central square arcsesarly epochs, during a first-order gravitational phase transi-
From this bulk of data, it is possible to state that a supermasgion, and their dynamics could be reconciled, with some ad-
sive compact dark object is present at the Galactic Center. |ustments, to the standard model of cosmology.
is revealed by the motion of stars moving within projected Several experiments are today running to search for neu-
distances around 0.01 pc from the radio source Sgra  trino oscillations. In order to explain the characteristics of
projected velocities around 1000 km's In other words, a  Sgr A*, it would be necessary to have neutrinos with masses
high increase in the velocity dispersion of the stars towardetween 10 and 25 keV which, cosmologically, fall into the
the dynamical center is revealed. Furthermore, a large anchtegory of warm dark matter. It is interesting to note that
coherent counter-rotation, especially of the early-type starghe existence of gravitinos in this mass range allows for the
is shown, supporting their origin in a well-defined epoch offormation of supermassive objects from®M, to 1M, .
star formation. Observations of stellar winds nearby S§r A One appealing characteristic of this model is that such a
give a mass accretion rate ofM/dt=6x10"°My yr'!  neutrino condensate could act as a spherical thick {ans
[16]. Hence, the dark mass must have a densitymagnifying glassfor the stars behind it, so that their appar-
~10°M pc 2 or greater, and a mass-to-luminosity ratio of ent velocities will be larger than in reality. In other words,
at least 10M /L . The bottom line is that the central dark depending on the line of sight, it should be possible to cor-
mass seems to be a single object, and that it is statisticallject the projected velocities by a gravitational lensing contri-
very significant (-6—80). bution, so trying to explain the bimodal distributigaarly

C. Domain of the massive neutrino?
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and late type stajsactually observed15,16. A detailed response to a nuclear mass from the observable properties of
model and comparison with the data was presented by son@epure stellar potential. However, stellar motions, contrary to
of us[25]. that of gas, are not affected by other fordesch as those
produced by magnetic fieltdlsand are better tracers of mass
IIl. OBSERVATIONAL STATUS distributions. What observations show in this case are the
stellar density and the velocity distribution. Use of the colli-

A. Brief review on dynamical data sionless Boltzmann equation allows one to get the Jean’s

and what are they implying relation[28,26]
An important information on the central objects of galax- ) )
ies (particularly in active galactic nucleis the short time GM(r) ,/dinn(r) dinoy of
scale of variability. This has the significance of putting an r Vot %1 Ty dinr 2- o2|° @
:

upper bound—known as the causality constraint—on the size

of the emitting region: If a system of side suddenly in-  Here n(r) is the spherically symmetric distribution of stars,
creases its emiSSiVity at all pOintS, the temporal width Withvrot is the mean rotational Spee@]' 0.6 are Ve|0city disper-
which we receive it id./c and thus, a source cannot fluctuate sjons, ando?= o2+ o2 . Measurements oV and random

in a way that involves its entire volume in time scales shortegg|ocities determine thavl (r) decline inwards until a criti-
than this(unlessc is not a limiting velocity. This finally 5 radius, where—as long as the resolution is availae—
yields a cgrresponding maximum length scale, typically bepecomes constant. What really happens, however, is that
tween 10 to 10 pc[26]. Autocorrelation in the emission  eyen if this region is not scrutinized, the mass to light ratio
argue against the existence of a cluster of objeatdess  pacomes sufficiently large to suggest the presence of a large
only one member dominates the emissikitgnd the small  4ark mass. A combination of this with other measurements
region in which the cluster should be allows two body en-sirongly suggest that this dark mass is a single object. The
counters to be very common and produces the lost of thgjack hole scenario has become our paradigm. But sugges-
stability of complex clusters. These facts can be used t0 CORyons that the dark objects are black holes are based only on

clude that a single massive object must be in the center qfgirect astrophysical arguments, and surprises are possible
most galaxies. What observations show in this case is thgj, the way to the centd@2].

the size of the emitting regions are very small. This does not
directly implicate black holes as such.

The way in which we expect to detect the influence of a
very massive object is through its gravity. The “sphere of We follow Genzelet al. [16] and parametrize the stellar
influence” of a large mass is defined by the distance aglensity distribution as
which its potential significantly affects the orbital motions of
stars and gas, and is given by % 1

Ir](r):R_o1+(R/RO)“' )

B. The galaxy

R, =GM/d%~4M;a, Go0 PC, (1)
Note thatR, is related to the core radius throudR.y.
where the central mass is normalized t6MIQ, ando, 10is ~ =b(a)R,. Genzelet al.found that the best fit parameters for
a r.m.s. orbital speed in units of 100 km's Thus, even the observed stellar cluster are a central density of 4
very large masses have a small sphere of influence. Withix 10°M, pc 3, a core radius of 0.38 pc, and a value
this sphere, the expected response to a large nuclear massl.8[b(«)=2.19]. With this distribution, they found that a
can be divided in two groups. First, the response of intersteldark mass of about 2.5 10°M ., was needed to fit the ob-
lar gas can hardly be anything different from an isotropicservational data.
motion in the center of mass frame. Random speeds are often The cluster distribution, and the cluster plus a black hole
thought to be much smaller than this overall speed, which faconstant mass is shown in Fig. 1. Black boxes represent Gen-
from the sphere of influence is just given b@1/r)Y2. If  zelet al. (Table 10 and Eckart and GenzéFig. 5 data. A
the energy produced by random motions is radiated awayjashed line stands for the stellar cluster contribution, while a
the gas behaves as a whole and tends to flatten itself, codot-dashed line represents an enclosed pointlike black hole
serving the angular momentum. Observations of the rotamass. The solid line in the right half of the figure stands for
tional velocity of gas as a function of the radius can thusthe mass distribution both for a black hole and a boson star
provide a measure of the total mass at the center. Then, whatus the stellar cluster. The mass dependence we are plotting
observation searches is the existence of a Keplerian potentitir the boson star is obtained in Sec. IV, and represents the
signature in the flattened gas velocity distribution. Examplegnass distribution of a miniboson staiA €0, m[GeV]
of this are the radio galaxies M§19], NGC 4258[27], and =2.81x10 2 with dimensionless central density(0)
many others. Then, any massive object producing a velocitgqual to 0.1. Other boson star configurations, with an appro-
distribution with a Keplerian decrease would be allowed bypriate choice of the boson field mass yield the same re-
observation. sults. Note the break of more than three orders of magnitude
Secondly, we consider the response of the stars. In thig the x axis. This is caused because the boson star distribu-
case, peculiar velocities are larger or comparable to the bulon, further out of the equivalent Schwarzschild radius, dy-
streaming and it is harder to actually differentiate the stellanamically behaves as a black hole. It begins to differ from
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=n(r)o,(r)’r
dr. (5)

E(p)ar(p)IZL W

> (p) denotes surface density,(p) is the projected velocity
dispersion, andp is the projected distance. We adopt the

Genzelet al. [16] parametrization foir,(r),

(6)

— (0)2 o
o (1) = 0(=)2+ o )(2,,

-

-
T

J What one usually does is to numerically integrate EHds.
] (5) and fit the observational dafar,(p) vs p]. To do so one
;! ] also has to assume a density dependence for the clastar
T Eqg. (3)], and the dark mass. With a pointlike dark mass of

o
-

2.5Xx10°M 4, the parameters of the fit result to lae o)

4 =55 kms!, ¢(2")=350 kms?!, and8=0.95.

] If one now changes the central black hole for a boson star,
one has to consider its particular density dependence. In this
way, N(r)=Nselar clustek”) + Ndark masé’).  We  obtained
Nposon stakT) @S M (r)/(4/37r3), where M(r) is the fitted
mass dependence of the boson star as explained in the next
section. It is now useful to consider that the fittingagf(p)

Enclosed mass [10°M]

0,01 L

.
.
.
.
S o vound 4 ooued

PRTTY BETIERTT 1 BEARTTT | " sovod oo
1E3 001 01 1 10
is made taking into account observational data points in re-

1E-3 Lo .
1E-9 1E8 1E-7 1E-6
Distance from the galactic center [pc]

. 9
FIG. 1. Enclosed mass in the center of the galaxy together Wltlba”y indistinguishable from a black hole. Then, we may ex-
pect that the actual parametesg>), o(2"), and B8 for

o, (r), will be very close to those obtained for the black hole.

ions where the boson star generated space-time is practi-

observational data points. See discussion in the main text.

the black hole case at radius more than three orders of magror our purposes, it is enough to take the sam@) as in
nitude smaller than at that we have the innermost data pointhe black hole case, and compute poson stdeP) USINg EQs.

From the mass distribution, a boson star in the center of thé4),(5), with the adequate totai(r).
In Fig. 2 we show the observational data of Eckart and

galaxy is virtually indistinguishable from a black hole.

Tsiklauri and Viollier[24] have shown that the same ob- Genzel(filled black boxe and Genzeét al. (hollow circles
servational data can also be fitted using an extended neutrirsuperimposed with the curve for,(p) that we obtain with a
ball. In that case, differences begin to be noticed just arounehiniboson staf A=0, ¢(0)=0.1, m[GeV]=2.81x 10" 2¢]
the innermost data point. It is then hard to determine whethein the galactic center. Other boson star configurations, with
the central object is a black hole, a neutrino ball, or a bosomppropriate choice of the boson field massyield to the
star baseddnly on dynamical data now at hand, and othersame results. For this configuration, we used, as will be ex-

IV, a mass distribution given by

in Sec.
equation

with A,=2.5x10PM,,

and AR

problems concerning the accretion disk have to considereplained
Ry=1.19210° pc,

(see below. Even harder is the situation for deciding—usinga  Boltzmann-like

only this kind of data—if the supermassive object is a bosom; = —0.237x 10°M,,
star instead of a black hole: as a boson star is a relativistie-4.16310 ® pc. In the range plotted, and in which data is

object, the decay of the enclosed mass curve happens cloggailable, the differences between boson and black hole the-
to the center. This, however, will provide an equivalent pic-oretical curves is undetectable. They only begin to deviate
ture than a black hole for disruption and accretion processe$iom each other gp~10 * pc. Even the deviation in such a
we shall comment on it in the next sections. region is as slight as 1 km's, and it only becomes more
To apply Eq.(2) to the observational data we have to pronounced whep values are closer to the center. However,
convert intrinsic velocity dispersiono,(r)] and volume we should recall that it has no sense to go to such extreme
densitied n(r)] to projected onef28], these are the ones we values ofp: the stars will be disrupted by tidal forcésee the
observe. We shall also consider thét1—o%/0?, the an-  discussion in Sec. Vlin those regions. Now we shall work
isotropy parameter, is equal to 0, and we are assuming inbut in detail the boson star model that we use.
plicitly that oy=0,. We take into account the following
Abel integrals:
IV. BOSON STARS
A. Basic concepts and configurations
S(p)=2 = n(nr dr, (4) Let us study the Lagrangian density of a massive complex
p \re—p? self-gravitating scalar fieldtakingz=c=1),
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1000 Frrr— T makes the difference between miniboson, boson, and soliton
stars. Conventionally, when the potential is given by

U=l Sl 12

wherem is the scalar mass and a dimensionless constant
measuring the self-interaction strength, miniboson stars are
those spherically symmetric equilibrium configurations with
A=0. Boson stars, on the contrary, have a non-null value of
\. The previous potential with # 0 was introduced by Colpi

et al.[29], who numerically found that the masses and radius
of the configurations were deeply enlarged in comparison to
the miniboson case.

Soliton (also called nontopological solitprstars are dif-
ferent in the sense that, apart from the requirement that the
Lagrangian must be invariant under a glohH|1) transfor-
mation, it is required that—in the absence of gravity—the
theory must have nontopological solutions; i.e., solutions
with a finite mass, confined to a finite region of space, and
nondispersive. An example of this kind of potentials is the
one introduced by Lee and his co-workég]

100

Projected velocity dispersion o, (p) [km/s]

IMEEN] '} Ll L0012 2 2
0,1 1 10 U:m2|¢|2( 1— %) , (13)

10 Lo T |
0,01

Projected distance p [pc] ‘DS

FIG. 2. Projected velocity dispersions: observational data and fivhere®, is a constant. In general, boson stars accomplish

using a boson star model. See discussion in the main text. the requirement of invariance undetJg1) global transfor-
mation but not thesolitonic second requirement. To satisfy
1 m3, it, it is necessary that the potential contains attractive terms.
L= 5\/@ g, T oud” aY=U(|¢]?) |, (7)  This is why the coefficient of * )? of the Lee form has a

negative sign. Finally, whef|—c, U must be positive,
whereR is the scalar of curvaturég| the modulus of the wh|c.h Ieads_, m|n|mally, to a sixth order function gffor the
determinant of the metrig and ¢ is a complex scalar self-interaction. It is usually assumed, because of the range
nv

field with potentialU. Using this Lagrangian as the matter of masses and radius for soliton stars in equilibrium, that

sector of the theory, we get the standard field equations €Y are huge and heavy objects, although this finally de-
pends on the choice of the different parameters.

1 We shall now briefly explain how these configurations

R,,—=9,,R=— 8_771- (), (8) can be obtainef@31-33. We adopt a spherically symmetric
pro2ek m3, “ line element
U ds?=e"(0dt?—e*(Ndr2—r2(d9?+sirtdde?), (14)
Lyt d| |2 =0, ©) with a scalar field time-dependence ansatz consistent with
this metric:
where the stress energy tensor is given by _ et

p(r,)=o(r)e (15

T= 3000, 0%)(0,) +(3,9)(9,4*)] where w is the (eigenfrequency. This form of the field—

_ %gw[gaﬁ(aaw*)(aw)— U(|4(2)] (10) vyhen i.t has no nqdes—ensures us to be working in the con-
figurations of minimal energ}30].

and The nonvanishing components of the energy-momentum
tensor are
0=3,[\lglg""a,)/\lgl (1D T0=p=3[wlod(r)e "+ o'2(r)e #+U], (1)

is the covariant d’Alembertian. Because of the fact that the 1_p 1,22 —vy 2 —u_

potential is a function of the square of the modulus of the To=p=zlotor(re "+o™(re vl (17)
field, we obtain a globdl (1) symmetry. This symmetry, as

we shall later discuss, is related with the conserved numberT,2=T3=p, = — [ w?0?(r)e "—o'?(r)e *—U],

of particles. The particular form of the potential is what (18
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where '=d/dr. The nonvanishing independent components
of the Einstein equation are

! ! 87T
v+ pu'=—(pt+p)re”, (19
Mpy
8 1
= — pref——(ef—1). (20
Mp r

Finally, the scalar field equation is

M(c(0)), N(c(0))

vi—u' 2 s du
o’ + +—|o'+e* Pwo—et——o=0.
2 r do?

(21
02 ¢ - --- Mass .

To do numerical computations and order of magnitude esti- :
Number of particles

mates, it is useful to have a new set of dimensionless vari-
ables. We adopt here

0,0 2 1 2 1 2 1 2 1 2 1 2 1 2 1
X=mr, (22 00 02 04 06 08 10 12 14

for the radial distance, we redefine the radial part of the Central density 5(0)

boson field as FIG. 3. Mass and number of particles, in dimensionless units,
for a A=10 boson statColpi et al. [29]) potential.

o= 4mwalmp (23
_ —-1/2
and introduce M,=MA""% (27)
w Here,M, is defined by
A=Am3j4mm?, Q= = (24) »
e"=(1—2 =, (28)
X*

In order to obtain solutions which are regular at the origin,

we must impose the following boundary conditioa$(0) which corresponds to the Schwarzschild mésse below

=0 and u(0)=0. These solutions have two fundamental;qnring termsO(A 1), the scalar wave equation is solved
parameters: the self-interaction and the central dertsity- algebraically to yield

resented by the value of the scalar field at the center of the

stah. The mass of the scalar field fixes the scale of the prob- o, =(Q%e"—1)1? (29)
lem. Boundary conditions representing asymptotic flathess

must be applied upon the metric potentials, theseand up to the same accuracy, the field equations are
determine—which is actually accomplished via a numerical

shooting method—the initial value of= 1(0). Then, having dM, 1., o, 2

defined the value of the self-interaction, or alternatively, the dx, 4x*(39 e +lVe b, (30
form of the soliton potential, the equilibrium configurations

are parametrized by the central value of the boson field. As dv e # 12 1

this central value increases, so does the mass and radius of ax, X, X—*(l—e )= E(Qze =1%o 6D
the star. This happens until a maximum value is reached in
which the star loses its stability and disperses away. Up tqhe system now depends only on one free parameter
this value ofo, catastrophe theory can be used to show thaf)?e~*(%). Numerical solutions show that the maximum mass
these equilibrium configurations are stap8#]. As an ex- corresponding to a stable star is given byl .y
ample of boson star configurations, we show in Fig. 3, the-.22A Y?m2/m.
mass and number of particlésee belowfor a A =10 Colpi
et al. potential, and in Fig. 4, the stability analysis.

When A>1, we must follow an alternative adimension-

B. Masses estimates

alization[29]. For largeA, we shift to the following set of ~ The invariance of the Lagrangian density under a global
variables: phase transformatiogr— e ' of the complex scalar field
gives(via the Noether’s theorena locally conserved current
o, =cA'? (25  4,j*=0, and a conserved chargeumber of particles We
need to study the number of particles because it is essential
Xy =XA 12 (26)  to determine whether the configurations are stable or not. A

104012-6



SUPERMASSIVE BOSON STAR AT THE GALACTIC CENTER? PHYSICAL REVIEW 62 104012

) ) 1 ) ) )
0,06 06 I -
05 -
0,04
04| 4
5 0,02
2
& < 03 4=0, 6(0)=0.1
£ s
T 0.00 Model: Boltzmann
=i R
m ¥~ =0.00002
02 A, =-0.05021+0.00044 -
A, = 0.5316110.00009
-0,02 %, = 5.24932+0.00414
’ 01 Ax= 1.8329610.00293 |
-0,04 y
00 0,0 P
T T T T T T T T . 1 . 1 .
0.2 0,4 0,6 0.8 1,0 0 10 20 30
N(c(0})) X
FIG. 4. Stability analysis foA =10 configurations. Catastrophe ~ FIG. 5. Boson star mass as a functionxpffor a A=0, ¢(0)
theory ensures that the first branch, which includes(@® point, ~ =0.1 model. We show a Boltzmann-like fitting, see tédbtted
is the only stable one. curve, but almost everywhere on the solid cyread its residue

(solid lower line.
necessary requirement towards the stability of the configura-
tions is a negative binding energBE=M—mN), i.e., the are given in the figure. It is this formula that we have used in
star must be energetically more favorable than a group ofig. 2 to analytically get ther,(p) dependence of the boson
unbound particles of equal mass. From the Noether theorerstar (in the range we use the approximation, the actual mass
the currentj* is given by and the fitting differ negligibly. Note also what the fitting is
physically telling us: it represents a black hole of mass
plus an inner exponentially decreasing correction. As far as

o ,
JM:E\/EQM L% 0p— o] (32 we are aware, this is the first time that such a Boltzmann-like
fitting has been done, and we think it could be usefully ap-
and the number of particles is plied in other analytical computations. Models with different
A ando can be equally well fitted.
N Since boson stars are prevented from gravitational col-
N:= | j°d°x. (33 : . S
lapse by the Heisenberg uncertainty principle, we may make

o ) ) some straightforward mass estimaft83]: For a boson to be
For the total gravitational mass of localized solutions, Wexgnfined within the star of radiuR,, the Compton wave-
may use Tolman’s expressiof8S], or equivalently, the |ength has to satisfy ,= (27#i/mc)<2R,. In addition, the
Schwarzschild mass star radius must be of the order of the last stable Kepler orbit
3Rg around a black hole of Schwarzschild radids
M :J (2T8—Tﬁ> Vlgld®x. (349  =2GM. In the case of a miniboson star of effective radius
Ro=(7/2)?Rg close to its Schwarzschild radius one obtains

In Fig. 5, we show the mass of a boson star witk-0 as a the estimate

function of x. We have fitted this curve with a Boltzmann- - 2 2
like function M ¢ie= (2/r)mp/m=0.63M 5/ m. (36)
A A The exact value in the second expression was found only
. 17 A2 numerically.
Mii(x) = Azt 1+ e~ XA 39 For a mass oin=30 GeV, one can estimate the total

mass of this miniboson star to bé=10'" kg and its radius
which is reliable except in regions very near the centerRy=10"*" m, amounting a density ®times that of a neu-
whereMg(x) becomes slightly negative. Thg® parameter tron star. In the case of a boson star#0), since ||
of the fitting is around 10°, and values foA;, A,, andAx  ~mp//87 inside the boson stdR9], the energy density is
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p=m’m3(1+A/8). (37) 13

Equivalently, we may think that this corresponds to a star AN
formed from noninteracting bosons with rescaled mass 129 / N
—m/y1+ A/8 and consequently, the maximal mass scales 1 ~
with the coupling constamk as 114 ]1 S~

2 / T~

2 Mp)
Mcrit:; 1+A/8 ™ (38

107

There is a large range of values of mass and radius that can
be covered by a boson star, for different valueg\cdind og.

For instance, ifm is of the order of the proton mass aind

=1, this is in the range of the Chandrasekhar limiting mass
Mcpi=M3/m?=1.5M, .

Larger than these estimates is the range of masses that a
nontopological soliton star produces, this is because the
power law dependence on the Planck mass is even higher:
~10"2(mg/md3). These configurations are static and stable
with respect to radial perturbations. It is by no means true,
however, that these are the only stable equilibrium configu-
rations that one can form with scalar fields. Many extensions — T I T 1
of this formalism can be found. It is even possible to see that 0 ° 10 15 20 2
boson stars are a useful setting to study gravitation theory in dimensionless distance x
itself [36]. Most importantly for our hypothesis is that rotat- FIG. 6. Boson star metric potentiats, =e* (dashedl and g
ing stable relativistic boson stars can also be found with_.» (solid). Boson star parameters az\ecro, #(0)=0.1, but trt;e
masses and radii comparable in magnitude to their statigenayior is generic.
counterpart§37]. In astrophysical settings it is usual to ex-

pect some induced rotation of stellar objects, and it is impor’[rajectory of a particle of energ&ilz moving in a central

tant that these rotations may not destabilize the Strucwrepotential This is not so in a more general spherically sym-

Another interesting generalization is that of electrically p\etc case, such as these nonbaryonic stars. In the boson
charged boson staf88]. Although it is usually assumed that g cage for instance, typical metric potentials are shown in

selective accretion will quickly discharge any astrophysicaIFig 6 note that for there #~*#1. We can see. however
object, some recent results by Punsly suggest this may nok ot eL“*V<e*“(°)*V(°):C where C is a cons:tant and’

always be the cas@9]. then, usual classical trajectories can be looked at, in the sense

that we may construct an equation of the foiﬁ12+veﬁ
<1/2E2e~#(0)~7(0) and it will always be satisfied.

The motion of test particles can be obtained from the The effective potential that massive or massless particles
Euler-Lagrange equations taking into account the conserveféel must be very different from the black hole case. In the
canonical momentp40]. In a general spherically symmetric case of a massless particle, the effective potential is given by
potential, the invariant magnitude squared of the four veloc-

0,94

Metric potentials

0,8

C. Effective potentials

ity (u?=g,,,x*x"), which is 1 for particles with nonzero rest RE
mass and 0 for massless particles, yields Ver=€ ”; (41)

. 1[E2 12 . . o

r2=—|——-u?- —|, (39)  while for a massive test particle it is

Orr | Gt (PP
_ : 1 12

where I. anq E. are constants of motion given by Ver=5e #| 1+ . (42)
— 044 sir? #¢ and gyt (angular momentum and energy at 2 r

infinity, both per unit mags respectively, and an overdot
stands for derivation with respect to an affine parameter. Thi¥Ve show both bosoffor the case oA =0) and black hole

equation can be transformed to potentials in Figs. 7 and 8. The mass of the central object is
_ fixed to be the same in both casése captionsand the
124 Veq=1E2e 7, (40)  curves represent a fourth order Runge-Kutta numerical inte-

gration of the equations we previously derived with=0
whereV is an effective potential. This name comes fromanda(0)=0.1. In the case of massive test particles we use
the fact that in the Schwarzschild solutien* "=1 and 12/M?=0, 12, and 15; thus explicitly showing the change in
thus, the previous equation can be understood as a classidhe behavior oV for the black hole case. Alsincreases,
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FIG. 7. Boson(solid) and Schwarzschilddashed effective po- FIG. 8. Boson(solid) and Schwarzschil@dashed effective po-

tentials for massless particlés=1%/EZ . The mass fOf2 both, the tentials in the case of massive particles. The mass of the central
black hole and the boson star, was takeas0.62089ns/m. The  object is as in the previous figure. The three curves correspond to
maximum in the black hole case happens, independently foir [2/M?=0, 12, and 15from bottom to top.
r’Mm=3.

We cannot, because of the different relationship between

this shape changes from a monotonous rising curve to onef1e metric potentials we commented above, do the same

that has a maximum and a minimum before reaching itd X )
asymptotic limit. These extrema disappearlfdM2<12. In analysis using/ for the boson star. We can, however, note

the case of boson stars, however| #0 we have a diver- that in most cases the total equation for the derivative of
gence in the center at=0 and only one extremum—a will be modified in a trivial way: If we look at the cases
minimum—which occurs at rising values ofM as| grows. where the effective po.tent|al hqs a d|vergenqe at the center
The curveVgy for |=0—radially moving objects—is not (and because the metric coefficients do not divertheere is

divergent, and we can see that the particles may reach tH other possibility for the particles more than to find a turn-
center of the star with a non-null velocity, given by 72 ing point. Orbits can then be bound or unbound depending

:1/2E§ce—ﬂ(0)—V(O)_Veﬁ(o)>0, and will then traverse the ©n the energy, but we can alw_ays find a plac_e wherd .
and then it has to reverse its sign. In the particular cases in

star unaffected. ; . o .
For massless particles, the differences are also notoriou¥/hich the equality happens at the minimum of the potential

a black hole produces a negative divergence and a boson ng_p have again stable circular orbits. Only in the case where
a positive one. Radial motion of massless particles is inserl-—0 particles can traverse the scalar star unaffectedntor

sitive to Vi, being this equal to zero, as in the Schwarzs-7 0 there is still the possibility of finding a turning point, if

child case. In both cases, for massive and massless particld8€ €nergy is low enough. However, if the particle is freely

outside the boson star the potential mimics the Schwarzdalling from infinity, with E..=1, all energy is purely rest

child one. mass, it will radially traverse the star, as would do a photon.
We conclude that all orbits are not of the capture type.

They can be circular, or unbound, and they all have at least

. _.one turning point. This helps to explain why a nonbaryonic

In the case O.f a black hole, Orb't$ can be O.f three types: | bject will not develop a singularity while still being a rela-

the energy 1s bigger than the eﬁectlvg potential at all POINtS iy istic object[comparable effective potentials, equivalently,

particles are cap_tured. I the energy 1s such that the e.nerg(yomparable relativisticity coefficie@®M(r)/r].

equals the effective potential just once, particles describe an

unbound orbit, and the point of equality is known as turning

point. If there are two such points, orbits are bound around V. GALACTIC PARAMETERS AND MASS

the black hole. Orbits in which the energy equals the poten- One interesting fact, which seems to be not referred be-

tial in a minimum of the latter are circular and stable ( fore, is the point that for all these scalar stars, their radius is

=0, Vgz<0). always related with the mass in the same wagMmg?2.

D. Particle orbits
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This is indeed the statement—contrary to what it is usually 1.0
assumed—that not all interesting astrophysical ranges of
mass and radius can be modeled with scalar fields. In the

scalar star models, from the given central mass, the radius we 0.9
obtain for the star is comparable to that of the horiZn
~mMp2X 2.61X 10PM o~ 3.9 10" cm. 06
The question now is for which values of the parameters '
we can obtain a scalar object of such a huge mass. For the 4
case of miniboson star we need an extremely light boson S 074
x
_sM(=) ®
m[GeV]=1.33x10 ~>———. (43 ~
Mgy —~ 064
. . . >
Given a central density(0), M(e) stands for the dimen- 8

sionless value of the boson star mass as seen by an observer *Z° 05
at infinity. Mgy is the value of the black hole mags mil-
lions of solar massésobtained by fitting observational data.
Then, we are requiring that the total mass of the boson star 0.4
equals that of the black hole. For instance, in Fig. 1, we have
taken the data of Eckart and Genf4ll] and Genzekt al.
[16], and fit them with a miniboson star with(0)=0.1,
which yields to a boson mass given by GeV]=2.81
X 10725 the total mass of the stawithout the cluster con-
tribution) is 2.5 X10° M. A
In the case of boson stars, and using the critical mass
dependencex Am3/m?, the requirement of a 2.5 million
mass star yields to the following constraint:

m

FIG. 9. Constraint in the boson star fundamental parameters
which gives rise to an object of two million solar masses within
approximately ten solar radius, consistent with the mass of the cen-
)1,4 tral object in our galaxy.

m[GeV]=7.9x 10—4(L (44)

4 should be considered just as order of magnitude estimations.
It is possible to fulfill the previous relationship, for instance, First, we are just consideringlassical approagtstatic and
with a more heavy boson of about 1 MeV ane-1. A plot ~ uncharged stars, this is just a modee simplest but more
of this relation—for some values of—is shown in Fig. 9. complicated ones can exist. Secondly, we do not know the
Note that in this case, the value of the dimensionless paranexact form of the self-interaction, or in the case of nontopo-
eter A is huge, and special numerical procedures, as exiogical stars, the value ofb,. For instance, consider the
plained above, must be used to obtain solutions. The charatliggs boson mass. In the electroweak theory a Higgs boson
teristics of these solutions have proven to be totally similaidoublet (b *,®°) and its antidoublet@‘,ao) are necessary
to those withA =0 which were used in Fig. 1, just the adi- ingredients in order to generate masses for\We and Z°

mensionalization differs. gauge vector bosons. Calculations of two-loop electroweak

Finally, in the case of a nontopological soliton we obtaineffects have led to an indirect determination of the Higgs
the following constraint, boson mass[42]. For a top quark mass oM,=173.8
o2 +5 GeV, the Higgs boson massnsg,= 104f3§ GeV. How-

m[GeV]= 7.6x1 _ (45 ~ ©ver. experimental constraints are weak. The Fermilab Teva-
P GeV]? tron [43] has a mass range of 18%n,<186 GeV, and to-

gether with the Large Hadron CollidétHC) at CERN, they

For the usually assumed case, in which the order parametepuld decide if these Higgs particlém the given range
®, is of equal value than the boson mass, we need vergxist in nature. Finally, a particle physics approach should be
heavy bosons of unit masa=1.2<x10* GeV. Other pos- used in deciding if the needed self-interaction for each model
sible pairs are shown in Fig. 10. is not in disagreement with renormalization properties.

Boson candidatesBased on the constraints imposed by We should also mention the possible dilatons appearing in
the mass-radius relationship valid for the scalar stars andew-energy unified theories, where the tensor figld, of
lyzed, we may conclude thdt) if the boson mass is com- gravity is accompanied by one or several scalar fields. In
parable to the expected Higgs mabkandreds of GeY, then  string effective supergravitj44], for instance, the mass of
the center of the galaxy could be a nontopological solitorthe dilaton can be related to the supersymmetry breaking
star,(2) an intermediate mass boson could produce a supescale mgysy by m@210‘3(msusyl TeV)? eV. Finally, a
heavy object in the form of a boson star, &84 for minibo-  scalar with a long history as a dark matter candidate is the
son stars to be used as central objects for galaxies the exiaxion, which has an expected light mass,=7.4
tence of an ultralight boson is needed. These conclusions (10" GeV/f,) eV>10 ' eV with decay constanf,

104012-10



SUPERMASSIVE BOSON STAR AT THE GALACTIC CENTER? PHYSICAL REVIEW 62 104012

, Tv'e’ Ve”—1+877 ze’”"
VT, T8 TS m_é,prr 5
M(r) 8 ert’
47 = +_2prr (46)
r mPl 2

These curves increase up to a maximum followed by a
34 Keplerian decrease. Schunck and Lidf#g found that the
possible rotation velocities circulating within the gravita-
tional boson star potential are quite remarkable: their maxi-
mum reaches more than one-third of the velocity of light
Schunck and Torrel$6] proved that these high velocities are
quite independent of the particular form of the self-
interaction and are usually found in general models of boson
stars. For instance, foA =0,300 of the choice of Colpi
etal. [29], UgganfcoshB\[#[?)—1], and Ug,
=am{exp(8?y?)—1], the maximal velocities are 122990
km/s atx=20.1 for A=300, 102073 km/s ax=4.1 for A
=0, 104685 km/s ak=4.2 for Ue,,, and 102459 km/s at
: x=5.9 for U ey [6].
0 —T 7T T With such high velocities, the matter possesses an impres-
0 2 4 6 8 10 sive kinetic energy, of about 6% of the rest mass; i.e., to
@ /m obtain the required luminosity we would need that about
108 to 10 7 solar masses per year be transformed into ra-
FIG. 10. Constraint in the nontopological soliton fundamentaldiation. Note that the required matter-radiation transfer is at
parameters which gives rise to an object consistent with the mass ¢éast two orders of magnitude smaller than the accretion rate
the central object in our galaxy. Itis specially marked for the usuakowards Sgr A.
case in whichd=m. The maximum rotational speed is attained well outside the
physical radius of the star, as can be seen by computing the
close to the inverse Planck time. Goldstone bosons have alsbmensionlessc value for the star radiuge.g., it happens
inferred mass in the range of eV and lessy<0.06 betweenx~5 and 15 forA going from 0 to 300 It is
—0.3 eV[45]. interesting to note also that the dependence of the maximum
If boson stars really exist, they could be the remnants of/elocity on A is not very critical, and the same process can
first-order gravitational phase transitions and their masde operative with miniboson stars. The rotational velocity is
should be ruled by the epoch when bosons decoupled frordependent on the central density, increasing with a higher
the cosmological background. The Higgs particle could be aalue ofa. To obtain large rotational velocities, it is needed
natural candidate as constituent of a boson condensation tifiat the central density of the star be highly relativistic, for
the phase transition occurred in early epochs. A boson corNewtonian solutions velocities are low and quite constant
densation should be considered as a sort of topological defeover a larger interval. This is consistent with the density
relic. In this case, as we have seen, S§raduld be a soliton  constraint of the dark object in SgrA
star. If soft phase-transitions took place during cosmological
evolution(e.g., soft inflationary eventsthe leading particles
could have been intermediate mass bosons and so our super- o i
massive objects should be genuine boson stars. If the phase How can one justify that the accretion onto the central
transitions are very recent, the ultralight bosons could belon§bject—a neutrino ball or a boson star—will not create a
to the Goldstone sector giving rise to miniboson stars. FoPlack hole in its center anyway. Interstellar gas and stars,
the formation processes of boson stars the reader is referré¢hile spiraling down towards the center of the object, will
to Refs.[33] and references therein. It is apparent that forcollide with each other, and may glue together at the center,
every possible boson mass in the particle spectrum there is\4hat could be the seed for a very massive black hole. Even a

boson star model able to fit the galactic center constraints, &lack hole of small mass can spiral inwards, and if it remains
least in order of magnitude. at the center, that black hole itself could be the seed. On the

other hand, stellar formation of massive stars would yield,
after evolution, to a black hole. Then, we need to consider
VI. ACCRETION AND LUMINOSITY whether there is a mechanism that prevents the formation of
a very massive baryonic object—leading inevitably to a
black hole—in the center of the galaxy.
For the static spherically symmetric metric considered The key aspect to consider is disruption. A star interacting
here circular orbit geodesics obey with a massive object cannot be treated as a point mass when

m [GeV] / 1.966 x 10°

B. The (baryonic) black hole danger

A. Relativistic rotational velocities
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it is close enough to the object such that it becomes vulnertween a black hole and a boson star it could be necessary to
able to tidal forces. Such effects become important when thattain inner values of radii, where the behavior is completely

pericentrer i, is comparable to the tidal radiji46] relativistic.
R\ /M. -1 One case could merit further attention: the possible spi-
r=5x102m 13 S * cm. (47) raling of a .blac_k holg of stellar size. This case may pompli-
Ro/\Mo cate the situation since a black hole cannot be disrupted.

However, differences in masses are so large that it will be-
Here, R, ., stands for the radius of the star and the sunhave as atest particle for the boson central potential, and also

respectively, whileM, o for the massesM is the mass of Will be_ div_erted from th_e cen_ter. Moreover, being _of ste_llar
the central object in millions of solar massesis the dis- ~ Size, it will be appreciably influenced by other intruding
tance from the center object at whish/r3 equals the mean Stars, also making it be left in a static position at the boson
internal energy of the passing star. Only for black holes withStar center.
masses smaller than @, and for certain low density
stars—red giants—we can expect that the disruption happens )
outside the event horizon. This is the reason why supplying C. Any nonbaryonic danger?
the material at lower densities, with the black hole gravity One may as well ask if a continuous inflow of nonbary-
dominating the situation, can generate more power. Reesnic particles may affect the central object. Let us suppose
[46] has also given an estimate of how frequently a stathat the inflow of bosons has the same accretion rate as nor-
enters this zone. When star velocities are isotropic, the fremal matter. This may indeed be seen as an upper bound,
quency with which a solarlike star passes within a distancgince a large inflow of nonbaryonic mass would affect the
I min IS accretion disk gravitationally. In the lifetime of the universe,
the accreted nonbaryonic mass would be at least two orders
of magnitude smaller than the mass of the boson star itself.
(rlin)yrl Then, if we consider that this process makes the star to
' evolve in an adiabatical series of equilibrium states, only
(48)  boson stars with central density extremely close to the criti-
cal value could be affected by the evolution. Since we may
construct models in a large range of central densities, this
Oacg)pears to present no problem for the object to survive.
A detailed analysis of the evolution of boson stars subject
- . . to continuos inflow of nonbaryonic particles was carried out
Because of the similar metric potentials, far from the cen-by Seidel and Suef48]. Their results showed that under

ter of the nonbaryonic star, the accretion mechanism will bq. ; L . . :
S . inite (noninfinitesim rturbations, with ible chan
the same as that operative in the Schwarzschild case. If ; te (no tesimal perturbations, with possible changes

~10*M¢3

* ) g
10° pc 3/1100 km st

whereN,, is the star density and the velocity distribution.
Disruptions are rare events that happen once in about 100
yrs.

ever, stars falling inwards wilkll be disrupted after they
approach a minimum radius. Contrary to black holes of bi
masses, which can swallow stars as a whole and disrupt the
behind their event horizons, boson stars will disrupt all
stars—most stars outside and a few inside the Schwarzschi
radius of a black hole of equal mass—at everyone’s sight.

In the case of black holes, the most recent simulations
[47] show that up to 75% of the mass that once formed the
disrupted star become unbound. For boson stars, we argue If the center of the galaxy is a neutrino ball, one also has
that once the star is disrupted to test partidlegh masses to obtain a mechanism that prevents the formation of a very
absolutely negligible to that of the central objeand be- massive baryonic object. However, caused by the fact that a
cause there are no capture orbigee Figs. 7 and)8all  neutrino ball is an extended object and that the gravitational
particles follow unbound trajectories. All material is diverted potential is shallower, we have to expect very crucial differ-
from the center and the formation of a black hole is avoidedences with a boson star case. The first thing to note isrthat

It would be worthwhile to perform numerical simulations is well within the neutrino ball, and then, stars will traverse
changing the central object from a black hole to a boson stathe exterior parts of the ball without being disrupted. In do-
to see the aftermath and the fate of the debris in an actuahg so, however, the central mass that they see at the center
boson-star-generated disruption. This, however, could welvill be less than the total mass of the ball, and at a distance
not be an easy task: In black hole simulations, the minimunrt =r, the mass enclosed is negligible. Disruption cannot pro-
radius is maintained still far from the center {0 Schwar- ceed. We note then that the observation of a disruption in the
zschild radius where Newtonian or Post-Newtonian ap- center of a galaxy is then indicative that a neutrino ball is not
proximations are valid. To actually see the difference bethere.

tion with less mass and a larger radius. Then, the accretion of
onbaryonic mattefpossibly entering into the condensate
{Hrough gravity forces and scattering from the outer parts
the halg seems not to present an issue for these kinds of
odels.

D. Comments on neutrino balls
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When the mass enclosed by the neutrino ball is smalthe size of a black hole event horizon. Both of these space
enough[say, O(10°)M ], the accretion disk will be un- missions will have the ability to give us proofs of black hole
stable. This happens about 0.1 — 1 light yr from the centerexistence, or to provide evidence for more strange objects,
There, stars which could actually form at a rate of 1 persuch as boson stars.
hundred thousand yeafthe actual number will depend on Very recently, Falckest al. [55] have noted that observa-
the mass of the stawill be probably kicked off by intruding tions of very large baseline interferometiyLBI ) could give
stars [49,50. The absence of the disruption mechanismthe signature to discriminate among these models. Falcke
makes this problem worse, since given an enough amount @t al. assumed that the overall specific intensity observed at
time, it is hard to think of compelling reasons by which gasinfinity is an integration of the emissivititaken as indepen-
and stars are expelled from the center. To us, it is yet aflent of the frequency or falling as ?) times the path length

unclear issue in the neutrino ball scenario. along geodesics. Defining the apparent boundary of a black
hole as the curve on the sky plane which divides a region
VII. DISCUSSION: HOW TO DIFFERENTIATE where geodesics intersects the horizon from a region whose
BETWEEN A SUPERMASSIVE BLACK HOLE geo_desics miss the .horizon, they noted that photons on geo-
AND A BOSON STAR? desics located within the apparent boundary that can still

escape to the observer will experience strong gravitational

One of the easiest things one may think of is to follow theredshift and a shorter total path length, leading to a smaller
trajectory of a particular star. The trajectory of S1, for in- integrated emissivity. On the contrary, photons just outside
stance, a fast moving star near Sgdf,Affers the possibility the apparent boundary could orbit the black hole near the
of distinguishing between a black hole and a neutrino coneircular photon radius several times, adding to the observed
densate, since Newtonian orbits deviate from each other bintensity. This is what produces a marked deficit of the ob-
several degrees in a period of some ydaiy. However, as served intensity inside the apparent boundary, which they
soon as the central object is not so extended, as in the bosoefer to as the “shadow” of the black hole. The apparent
star case, this technique is usel@ssevery case in which the boundary of the black hole is a circle of radiusR7in the
pericenter is further than the tidal radipand other forms of Schwarzschild case, which is much larger than the event ho-
detecting their possible presence have to be devised. rizon due to strong bending of light by the black hole. This

The second possibility is to make an in-depth study of thesize is enough to consider the imaging of it as a feasible
properties of the accretion disk. This gets complicated by thexperiment for the next generation of mm and sub-mm
fact that the metric of boson stars is not analytically known.VLBI. While the observation of this shadow would confirm
However, preliminary studies in the case of the simplest—the presence of a single relativistic object, a nondetection
black body behaving—accretion disk have shown that thevould be a major problem for the current black hole para-
spectrum of the radiation emitted is modified, especially adigm.
high energie$52]. To directly compare with data on Sgr A* In the case of a boson star, we might expect some dimin-
we would need to develop more advanced models of théshing of the intensity right in the center, this would be pro-
accretion disk. vided by the effect on relativistic orbits, however, this will

It has been already noted that x-ray astronomy can proberot be as pronounced as if a black hole is present: for that
regions very close to the Schwarzschild radius. Recent rezase, many photons are really gone through the horizon and
sults from the Japanese-U.S. ASCA mission have revealethis deficit also shows up in the middle. If a boson star is
broadened iron lines, a feature that comes from regionthere, some photons will traverse it radially, and the center
which are under strong gravitational influence. In particularregion will not be as dark as in the black hole case. A careful
Iwasawaet al. claimed that ASCA observations to Seyfert 1 analysis of Falckeet al's shadow behavior replacing the
galaxy MCG-6-30-15 got data from 1.5 gravitational radii, central black hole with a boson star model would be neces-
and conclude that the peculiar line profile suggests that theary to get any further detail, and eventually an observable
line-emitting region is very close to a central spinniikgerr) prediction.
black hole where enormous gravitational effects operate. By We also mention that the project ARISEdvanced Ra-
the way, this is stating that a neutrino ball cannot be thelio Interferometry between Space and Epithgoing to use
center of that galaxy, since its gravitational potential is shalthe technique of Space VLBI to increase our understanding
low. However, as was already notgsl, a boson star could of black holes and their environments. The mission, to be
well be a possible alternative, and x rays could be used ttaunched in 2008, will be based on a 25-m inflatable space
map out in detail the form of the potential well. The NASA radio telescope working between 8 and 86 GH&|. It will
ConstellationX [53] mission, to be launched in 2008, is op- study gravitational lenses at resolutions of teng.ofircsecs,
timized to study the iroiK line feature discovered by ASCA yielding information on the possible existentnd signa-
and, if they are there, will determine the black hole mass anture9 of compact objects with masses betweefM@ and
spin for a large number of systems. Still, Constellation- 10°M .
will provide an indirect measure of the properties of the re- Another technique for detecting boson stars from other
gion within a few event horizon radii. A definite answer in relativistic objects will be gravitational wave measurements
this sense will probably be given by NASA-planned [57]. If a particle with stellar mass is observed to spiral into
MAXIM mission [54], a w-arcsecX-ray imaging mission, a spinning object with a much larger mass and a radius com-
that would be able to take direitray pictures of regions of parable to its Schwarzschild length, from the emitted gravi-
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tational waves, one could obtain the lowest multipole mo-stars mimic a black hole. Disruption processes cannot hap-
ments. The black hole no-haifor two-haip theorem pen in a fermion condensation, and it has the unpleasant
establishes that all moments are determined by its lowestonsequence of not providing with a straightforward mecha-
two, the mass and angular momentassuming that the nism by which stars could be diverted from the center, and
charge equals zerofor instance, the mass quadrupole mo-through which finally avoid the formation of a massive black
ment would giveM,=—L?/M. Should this not be so, the hole inside the condensate.

central object would not be a black hole, and as far as we The formation of boson stars and black holes can be com-
know, the only remaining viable candidate would be a bosorpetitive processes. Then, it might well be that even if we
star. In this case, Rydb7] have proven a sort of three-hair discover that a black hole is in the center of the galaxy,
theorem(in general relativity such that all multipole mo- others galaxies could harbor nonbaryonic centers. In the case
ments are determined by the boson stars lowest three. Evaf boson stars, only after the discovery of the boson mass
more, he has shown that given these lowest three momenspectrum we shall be in position to determaneriori which

we shall be able to determine the free parameters in the Layalaxies could be modeled by such a center. Observations of
grangian (the mass of the boson particle and the self-galactic centers could then suggest the existence of boson
interaction). If these parameters provide an object of the sizescalars much earlier than their discovery in particle physi-
and mass of a galactic center, then the case for nonbaryonaists labs.

objects at the nuclei of galaxies would be proven. In ten
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fact that boson stars do not have a solid surface avoids the APPENDIX

emission of big amounts of x rays—generated by

collisions—something which is in agreement with observa- For the reader’s convenience, we quote here the dimen-

tions. Much work has yet to be done to analyze in detail thesional conversion for the radius and the mass of a boson star.

physics of the accretion disk around a supermassive bosddsing the value of 1 GeV in ¢, and taking into account

star, but we have commented that we are already on th#e dimensionless parametermr, we get

verge of having the right tools to discriminate the presence,

or the absence, of horizons in galactic nuclei. r[pc]= X
Other singularity-free models were considered as well, m[GeV]

such as, e.g., neutrino or gravitino condensations. In this

case, the object is sustained by its Fermi energy, while in th&or the mass, recalling that = M (x)mz/m, we get

boson star case, it is the Heisenberg’s Uncertainty Principle

which prevents the system from collapsing to a singularity.

Due to this fact, boson stars are genuine relativistic objects

where a strong gravitational field regime holds. The differ-

ence in the relativistic status of both objects is not trivial.In the case wherd >1, both right hand sides of the previ-

While fermion neutrino balls are extended objects, bosorous formulas get multiplied by 2,

VIIl. CONCLUSIONS

6.38x 10 33, (A1)
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